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Abstract

:

The development of the intestinal microbiome in the neonate starts, mainly, at birth, when the infant receives its founding microbial inoculum from the mother. This microbiome contains genes conferring resistance to antibiotics since these are found in some of the microorganisms present in the intestine. Similarly to microbiota composition, the possession of antibiotic resistance genes is affected by different perinatal factors. Moreover, antibiotics are the most used drugs in early life, and the use of antibiotics in pediatrics covers a wide variety of possibilities and treatment options. The disruption in the early microbiota caused by antibiotics may be of great relevance, not just because it may limit colonization by beneficial microorganisms and increase that of potential pathogens, but also because it may increase the levels of antibiotic resistance genes. The increase in antibiotic-resistant microorganisms is one of the major public health threats that humanity has to face and, therefore, understanding the factors that determine the development of the resistome in early life is of relevance. Recent advancements in sequencing technologies have enabled the study of the microbiota and the resistome at unprecedent levels. These aspects are discussed in this review as well as some potential interventions aimed at reducing the possession of resistance genes.






Keywords:


intestinal microbiome; antibiotic resistance genes; infant; resistome; probiotics












1. Introduction


The establishment of the gut microbiota is a process that starts mainly after birth and is affected by several perinatal factors [1]. Although the process of defining a healthy infant microbiota is still ongoing, we assume that the composition of the gut microbiota of infants that are born full-term, vaginally delivered, without having contact with antibiotics (both in the cases of their mothers and themselves), and exclusively fed their own mother’s milk, is the “golden” standard. The correct ensemble of this microbial conglomerate entails the possession of a healthy immunological and physiological status with long-lasting effects [2]. However, even in this hypothetical ideal context, the gut microbiota foundation also involves the natural establishment of a set of antimicrobial resistance genes (ARGs) present in different populations of microorganisms, known as the gut resistome [3].



Antibiotics are the drugs that are the most administered during early life, understood as the prenatal to postnatal period. During pregnancy, it was estimated that one out of five European women is prescribed at least one antibiotic, but the rate is double in the United States [4]. More than 70% of newborns admitted to neonatal intensive care units (NICUs) receive antibiotics [5], and children as young as one year of age [6] are prescribed the most antibiotics; prevalence is particularly high in children younger than six years of age in Europe [7]. The use of antibiotics saves lives, but not without challenges. The administration of antibiotics early in life can contribute to microbiota–host crosstalk disruption with short- and long-lasting effects, contributing to a greater risk of disease both in childhood and in adulthood [8]. Moreover, there is increasing evidence showing that antimicrobial resistance (AMR) is a significant issue in NICUs across the world [9], and it is estimated that it might be a considerable problem in pediatric care sooner rather than later in the first half of this century.



At present, AMR is 1 of the top 10 global public health threats that humanity faces [10]. It occurs when bacteria, viruses, fungi, or parasites change over time following a natural evolutionary process and acquire new characteristics that reduce or stop their susceptibility to antimicrobials, making infections harder to treat and increasing the risk of disease spread, severe illness, and death [10]. An estimated four million human deaths worldwide were linked to antimicrobial resistance in 2019, including 1.3 million human deaths directly caused by resistant bacteria [11]. The European Centre for Disease Prevention and Control estimated that, each year, more than 670,000 infections occur in the European Union and European Economic Area (EU/EEA) due to bacteria resistant to antibiotics and that approximately 33,000 people die as a direct consequence of these infections [12]. The costs of antimicrobial resistance to national economies and their health systems are also significant. The Organization for Economic Cooperation and Development estimates that the associated costs to the health systems of EU/EEA countries are approximately EUR 1.1 billion per year [12], with these costs to the global economy estimated to be a loss of USD 100 trillion by 2050 [13].



The causes of AMR are complex; it can arise as a natural phenomenon. Evolution via natural selection can involve the occurrence of antibiotic resistance and ARGs from non-clinical environments may be transferred from non-pathogenic bacteria to other potential pathogens. Pioneer studies unveiled the presence of ARGs in remote communities with minimal antibiotic exposure [14], suggesting complex mechanisms of AMR development, and the importance of environmental bacteria as a source of ARGs. However, the main drivers of AMR are believed to have been induced by the misuse, overuse, and short-cut prescription use of antimicrobials in humans, animals, and agriculture [15]. As an example, in data from the EU/EEA in 2020, both the community and hospital consumption of broad-spectrum antibiotics was 3.5 times higher than the administration of narrow-spectrum antibiotics, which should normally be the first-line therapy [12]. A study providing longitudinal estimates for human antibiotic consumption covering 204 countries and 19 years (2000–2018) highlighted the increment in the global antibiotic consumption rate of 46 percent in the last two decades [16]. The wide use of antibiotics provides selection pressure, causing an increment in bacteria that contain ARGs, and the spread of AMR could make many pathogens much more lethal. Moreover, since antibiotic-resistant bacteria do not comply to borders, usage in neighboring countries may increase resistance in others, independent of the use in that specific country, due to the international mobility of people, animals, and goods. It is worth pointing out that it was recently estimated that the prevalence of resistant bacteria increases immediately after usage and continues to increase for at least 4 years after antibiotic usage [17].



The gut resistome has to be understood from the One-Health (human–animal–environment) perspective as the collection of all types of ARGs (acquired and intrinsic resistance genes), their precursors (including pathogens, antibiotic producers, and non-pathogenic microorganisms found either free living in the environment or as commensals with other organisms), and some potential resistance mechanisms within microbial communities that require evolution or alterations in the expression context to confer resistance [18]. Recently, the development of novel and powerful techniques for the assessment of the intestinal microbiome has increased our knowledge of the role of the microbiome as an ARG reservoir. The gut resistome development starts with life and, as it happens with the microbiome, several pre-, peri-, and postnatal factors are involved in its modulation. Therefore, understanding the impact of these factors is critical in the fight against AMR. In this review, we aim to discuss the current knowledge concerning the development of the gut resistome in the infant. Moreover, potential intervention strategies targeted at reducing the ARGs load are considered as well.




2. The Study of Antimicrobial Resistance in the Human Microbiome


Classically, the study of the gut microbiota has been conducted via quantitative culture-dependent techniques that use different media to select specific groups of microorganisms based on their metabolic requirements in a simple, cost-effective, and easy way [19]. However, these methods have certain limitations since the selected culture media are often unable to distinguish between closely related phylogenetic groups, thus requiring the use of numerous morphological, physiological, and metabolic tests to discriminate amongst them. Due to the laboriousness of these techniques, the number of samples that can be processed is reduced. In addition, most gut bacteria are anaerobic, which makes it difficult to establish the optimal conditions for their culture. Since these methods are insufficient to characterize the complexity of the gut microbiota, a wide variety of molecular techniques are used at present.



PCR allows the amplification of specific regions of DNA and RNA, and multiple variants of this procedure are used. Microarrays are a high-throughput molecular screening technique that can also be used to detect the presence of certain gut bacteria by the simultaneous hybridization of several probes on the same substrate [20]. Generally, these methods are used along with culture-dependent techniques in the clinical setting. Recent advancements in sequencing technologies have resulted in a reduction in their cost and an expansion of their use for the study of the microbiota. Metagenomics enable the characterization of the gut microbiota by isolating DNA directly from the sample without the need for culture or a priori knowledge of the genes of interest. Other high-throughput technologies have been developed and applied to measure multiple omics data types, such as transcriptomics, culturomics, and metabolomics, which, used in combination, have the potential to unravel new molecular mechanisms of the interaction between the members of the gut microbial community and their niche [21].



2.1. Omics Techniques for Monitoring ARG in the Microbiome


Since the first culture-based study conducted in 1970 by Finegold and collaborators with the objective of examining the effects of various antimicrobial compounds on the composition of the intestinal microbiota [22], many techniques have been developed for this purpose. However, most of them only enable the detection of a few well-studied resistance genes conducted with known and cultivable bacteria, so their use for a broad-spectrum screening in non-cultivable bacteria was not possible. The subsequent development of molecular techniques, such as PCR assays, enabled the detection of antimicrobial resistance genes and possible mutations [23], although these methods are not well suited for the identification and quantification of these genes in complex microbial communities. The use of real-time qPCR has enabled the identification and quantification of antibiotic resistance genes in the oral and fecal samples of neonates [24,25]. Although this technique has considerable value, since it allows the absolute quantification of known ARGs, it could not be used for a wide-spectrum screening.



The development of high-throughput sequencing technologies has, therefore, made it possible to examine the genetic information of intestinal bacteria in depth, thus allowing the detection of new antibiotic resistance genes. In the last decade, several studies have been conducted in which different approaches have been used, allowing the quantification of hundreds of antibiotic resistance genes [26]. Functional metagenomics characterize and identify novel resistance genes by the selection of shotgun-cloned DNA fragments that can confer survival to an indicator host, such as Escherichia coli [27]. Other approaches based solely on high-throughput sequencing techniques are targeted gene sequencing or amplicon sequencing, which have been used to identify mutations or variants in antimicrobial resistance genes and their genetic context [28,29], and shotgun metagenomics, which is able to analyze the global resistome of the sample [30]. Information obtained through metagenomics combined with other omics approaches, such as transcriptomics, metabolomics, proteomics, or culturomics, can lead to the discovery of novel ARGs and the molecular mechanisms that confer AMR to pathogenic bacteria. Transcriptomics, for example, made it possible to fill the gap between the resistance phenotype and the genes involved [31], and the role of non-coding regulatory RNAs in the resistance phenotype was identified [32]. These RNAs are able to modulate the expression of ARGs in different microorganisms, as in the case of the transcriptional attenuation of the tetM gene from Enterococcus faecium by the small RNA molecule Ern0030 [33].




2.2. Challenges in Identifying ARGs in the Microbiome


Despite representing a breakthrough in the discovery of ARGs and the molecular mechanisms underlying resistance, high-throughput sequencing technologies have some drawbacks when it comes to performing this task. First, the assembly of short reads generated by technologies, such as Illumina, is computationally expensive, and their subsequent annotation depends on the quality of the reference databases, which often lack efficient and sustainable curation pipelines, leading to conflicting gene names and redundancy across databases. For this reason, it is important to create standardization protocols for the biocuration of reads from sequencing technologies that allow the identification and characterization of protein-coding resistance genes and other non-coding genes that may be implicated in AMR mechanisms [34]. The recent development of the long-read sequencing techniques simplify and improve genome assembly.



Machine learning algorithms, which build a predictive model that can be applied to query sequences to predict their outcome, were used by numerous studies to predict the resistance phenotype from the genotype directly, but the accuracy level was too low to be able to apply this approach for clinical diagnostics [35]. This is due to the high dependence on the training data set and a priori knowledge; in the future, large, curated data sets of antibiotic resistance genes are required to develop robust models that improve the accuracy of the predictions. A tool named NanoARG that uses deep learning to identify resistance genes has recently been developed [36]. This approach, which uses one model for assembled genes and another for short reads, has high precision, reducing false negatives in the metagenomic discovery of ARGs.



In summary, although the identification of ARGs in complex ecosystems has always been challenging, the current availability of sequencing techniques has enabled unprecedented high-throughput screening for the presence of such genes in the human microbiome.





3. The Infant Intestinal Resistome


The gut microbiota undergoes major changes early in life, until it begins to stabilize during childhood [1]. The first days of life are characterized by the presence of species with a facultative aerobic metabolism, mainly belonging to the Enterobacteriaceae family, which oxidize the intestinal environment favoring the emergence of strict anaerobes, and bifidobacteria stand out as one of the dominant groups during the first year of life. Once solid foods are introduced into the diet, microbial diversity increases [37]. In this microbial colonization context, the gut resistome is established in parallel with microbial communities; therefore, the gut becomes a reservoir of ARGs [38]. Although the composition of the neonatal gut microbiota is well characterized at the taxonomic level, studies of the development of the resistome are still scarce.



A recent systematic review on the neonatal intestinal resistome [39] observed a higher presence of ARGs in newborns when compared to their mothers’ microbiota. Gene transfer from mother to child occurs, considering that even newborns who have not been exposed to antibiotics harbor a considerable load of ARGs. During the first months of life, resistance genes to aminoglycosides, beta-lactams, erythromycin, and other antibiotics are commonly found in the neonatal gut, with efflux pumps conferring resistance to different types of antibiotics being the most common of all [40]. It has been postulated that these high loads of ARGs are mainly due to the presence of specific bacterial groups, such as E. coli and various species of the Staphylococcus genus [40]. More specifically, ermB, ermC, mefA (which confer resistance to macrolides) tetA, tetB (which confer resistance to tetracyclines), mecA, blaSHV, and blaCTXM-1 (which confer resistance to beta-lactams) were detected in the gut microbiota of three-day-old infants. Of these, mefA, ermB, and ermC were the most widely distributed. In the same study, mother–neonate pairs were also analyzed separately, showing that only two of the genes (ermB and mefA) were shared in all cases; there were cases in which the newborns had ARGs that their mothers did not, and vice versa. This suggests that the presence of ARGs in the neonatal gut microbiota is not only due to the transfer of microorganisms from the maternal microbiota but also from other sources, such as the hospital environment [25]. Later on, with infant growth, the microbial diversity of the neonatal microbiota changes, also affecting the resistome. The metagenomic analysis of more than 662 fecal samples from one-year-old children [41] found 409 types of antibiotic resistance genes, of which 40.8% conferred resistance to multiple antibiotics. Although neither tetracyclines nor fluoroquinolones are commonly used antibiotics in pediatric patients and no antibiotics were administered to any of the children in the cohort, genes conferring resistance to them were the most commonly detected. In the same study, they concluded that samples with similar bacterial profiles also had similar resistomes.



From birth, and even before it, several factors are present that may affect the establishment and later development of the gut microbiota and, therefore, that of the resistome (Figure 1). Several studies have demonstrated the importance of gestational age, birth type, environment, and diet as modulators of the gut microbiota in the early stages of life [1]. Of course, antibiotics also play a crucial role, either when administered to the mother during pregnancy or delivery, which alters the vaginal microbiota and prevents the transfer of species considered beneficial, or when administered directly to the newborn [42,43]. It is also important to consider that, during the first months of life, Enterobacteriaceae, a microbial family often associated with the presence of ARGs in the gut [44], is among the dominant microorganisms in the intestinal microbiota, which is dominated by the phyla Actinomycetota and Pseudomonadota in contrast to the adult microbiota dominated by Bacillota and Bacteroidota. This is likely to contribute to the higher levels of ARGs in infants’ microbiota when compared to their mothers [45].



Among the different factors known to affect the newborn microbiota development, and thus potentially affecting the resistome, the impact of gestational age and mode of delivery are well known. Gestational age is one of the most studied perinatal factors that directly affects the gut microbiota. Children born prematurely have a more immature immune and gastrointestinal systems. As a result, they tend to be admitted to hospital for longer periods of time and receive medication more frequently than full-term infants. According to data collected in a recent review [46], differences could be found in the composition of the meconium, while the Bacillota phylum was dominant in both groups of infants. The authors found that, in full-term infants, the presence of Bacillus species was higher, and in pre-term infants, Enterococcus and Staphylococcus were dominant. Likewise, in the pre-term group, after a few days of life, members of the phylum Firmicutes decrease, and those of the phylum Pseudomonadota, such as the families Pseudomonadaceae, Enterobacteriaceae, and Vibrionaceae, increase, which may contribute to the higher levels of ARGs in these infants. Prolonged stays in NICUs mean that pre-term infants, unlike those born at full term, have a higher proportion of strains found in the hospital environment in their microbiota, such as E. coli, Klebsiella spp., Staphylococcus spp., and Enterococcus spp., many of which are related to nosocomial infections and show resistance to multiple antibiotics [40]. In relation to the types of ARGs found in pre-term infants, there has been a dominance of genes conferring resistance to beta-lactams, amphenicols, polymyxins, and tetracyclines, even though the latter is not used as an antibiotic of choice in NICUs [47].



Depending on the type of delivery, significant differences have also been found among the microbial populations present in the gut microbiota. During a vaginal birth, the newborn passes through the birth canal, with the bacteria present in the mother's vagina acting as the initial inoculum. They thus present an intestinal microbiota dominated by Prevotella spp. and Lactobacillus, with the presence of bifidobacteria increasing with the passage of days. In contrast, in those born by caesarean section, whose first contact with the outside world is with the hospital environment and the mother's skin, we find a microbiota dominated by Corynebacterium, Staphylococcus, and Cutibacterium spp. [48]. At one month of age, vaginally delivered infants had a higher abundance of Bacteroides and Parabacteroides [49]. Additionally, caesarean deliveries have been associated with high burdens of ARGs in the neonatal gut microbiota during the first month of life, with genes conferring resistance to glycopeptides, phenicol, and sulfonamide being the most prevalent [40].




4. The Origin of Infant Resistome: Vertical Transmission of ARGs


The infant receives its primary microbial inoculum from the mother, and it is later strongly affected by the maternal–filial interaction, which drives the vertical transmission of microbes and the ARGs they contain. Therefore, the resistome of pregnant women, and that of breast milk in the case of breast-fed babies, is of prime importance.



4.1. Pregnancy Microbiota Changes


During pregnancy, several physiological adaptations occur, and the women’s microbiota is also subject to these modifications. Whereas the gut microbiota in the first trimester of pregnancy is very similar to the microbiota of non-pregnant women, in the second trimester, the microbiota suffers an increase in lactic acid bacteria and a reduction in butyrate-producing bacteria [50]. During the third trimester of pregnancy, the butyrate-producing bacteria decline, whereas Proteobacteriaceae, Bifidobacteriaceae, and lactic acid bacteria increase [50,51]. The bacterial groups Gammaproteobacteria, in the Pseudomonadota phylum, are among the major carriers of ARGs, while Bacillota is also enriched in pregnant women and can carry ARGs as well [52]. Indeed, correlations between the phylum Pseudomonadota and ARG/mobile genetic elements have been reported [53].



In the vagina, as well as in the endometrium, Lactobacillus represents the most dominant genus of pregnant women [54], together with anaerobic microorganisms, such as Prevotella, Garnerella, Finegoldia, and Dialister. During pregnancy, a reduction in the diversity of pregnant women’s vaginal microbiome and a higher abundance of Clostridiales, Bacteroidales, and Actinomycetales has been described [50]. As expected, the presence of ARGs is positively correlated with Dialister, Atopobium, Prevotella, Gardenella, and Anaerococcus, and negatively related to the abundance Lactobacillus spp. [55] in the vagina. Cabralla-Maestre and co-workers [56] reported that tetracycline resistance genes were the most frequent ARGs in the vagina of healthy non-pregnant women, followed by multidrug resistance genes. In comparison with the gut resistome, the vagina has a lower diversity in terms of antibiotic resistance [54,57]. A complete knowledge of the vaginal resistome of pregnant women and how it is modulated is crucial as it has a direct impact on the infant’s early acquisition of resistance through direct contact during vaginal delivery.



It is known that the oral cavity is also a reservoir of highly diverse and rich microbiota, and it has been widely characterized [58]. According to research conducted on Japanese women, there was a higher presence of Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans during the early and middle stages of pregnancy as compared to non-pregnant individuals. The Candida species were found to be more abundant during the middle and late stages of pregnancy [59,60]. However, there is relatively little literature indicating how pregnancy changes in the oral microbiome are induced and the development of the oral resistome during pregnancy and the influence on the offspring.




4.2. ARGs in Pregnancy and Lactation


The modulation of the maternal microbiome has emerged as an important factor in gestational health and outcomes and is associated with the later establishment of the infant’s own microbiota. In addition, these changes are also directly related to the establishment of AMRs during pregnancy and their later transmission to the offspring, but there is little evidence of this. These shifts in the maternal microbiota are due to the biological process of pregnancy, as previously discussed, but may also be affected by external factors to which the woman is exposed during that period of time [61]. A study conducted by Serrano and collaborators [62] found that the resistome varied depending on the gestational age and the mode of delivery. In addition, other external factors, such as antibiotic administration and diet, influence the gut microbiome and resistome during pregnancy [49]. However, other studies reported that the antibiotic resistance harbored by the gut microbiota of pregnant mothers is not related to age, BMI, or pregnancy status [53]. Overall, the evidence suggests that more effort is needed to describe the changes that modulate the mother’s resistome during pregnancy and the role it may have on the establishment of the offspring’s resistome.




4.3. The Maternal–Filial Transfer Route as a Source of ARGs for the Neonate


The colonization of newborns by antibiotic-resistant microorganisms occurs at the moment of birth or soon after through the contact with the mothers’ uterus, skin, or the environment of the hospital. For this reason, ARGs have been identified in newborns within hours of birth [63]. Even though the prevalence and the specificity of resistant strains may vary between mothers and infants, recent research provided evidence on the vertical transmission of ARGs from mothers to offspring [43,64]. Highly identical antibiotic-resistant Limosilactobacillus fermentum, Lactobacillus gasseri, Bifidobacterium longum, and Enterococcus faecalis have been isolated in both mothers and infants [65], which supports the theory of vertical transmission during the early stages of life. Different studies have indicated that antibiotic-resistant microbes can be present in a mother’s vaginal tract and subsequently passed on to her offspring [66,67]. For example, strains of Prevotella, Lactobacillus, Ureaplasma, Gardnerella, Corynebacterium, and Staphylococcus resistant to tetracycline have been found in infants’ feces as a result of vertical transmission from the mother [68]. Tetracycline resistance is the most common in the adult gut microbiota, carrying tetM, tetO, and tetW genes [55,69].



Breastfeeding provides numerous benefits for infants, including the transfer of maternal immune cells and antibodies as well as vital nutrients and bacteria [70]. Human milk also serves as a consistent source of commensal and potentially probiotic bacteria for the newborn’s gut, with Lactobacillus, Bifidobacterium, Staphylococcus, and Streptococcus being the most dominant genera in a woman's milk [71]. Nevertheless, breastmilk plays a crucial role in the acquisition of antibiotic resistance in early life. Human milk has been found to contain antibiotic-resistant bacteria, such as Staphylococcus, Streptococcus, Acinetobacter, Enterococcus, and Corynebacterium resistant to antibiotics, and multidrug-resistant profiles have been isolated in human milk [45,70,71]. Antibiotic-resistant bacteria were observed in breastmilk as a potential source of ARGs in infants, so that infants shared gut resistomes and mobilomes with their own mother’s breastmilk microbiota [54]. A study reported that 70% of the ARGs detected in breastmilk are present in infant feces, and similar patterns were observed in the mobilome [72]. Moreover, metagenomic analyses have highlighted the high levels of ARGs and mobile genetic elements in breastmilk and the similarity of breastmilk and the infant’s gut resistome [72]. The transmission of AMR through breastmilk has also been proved with the detection of multi-drug-resistant strains of Streptococcus and Staphylococcus in both breastmilk and infant fecal samples [73,74]. Similarly to gut microbiota, antibiotic-resistant microorganisms found in human milk have been related to the administration of certain antibiotics to mothers during lactation [75].



Therefore, a mother can impact the infant's gut resistome by transmitting resistant bacteria, although ARGs can also come from other parts of her body or external sources. The elevated use of antibiotics during pregnancy and breastfeeding constitutes a risk factor for the development of AMR in the mother's gut and breastmilk resistome, which can then be passed on to the offspring [66]. Overall, more knowledge about the mother’s gut and breastmilk may be important to decipher how neonates acquire antibiotic-resistant genes in early life and the role that environmental factors may play, so that new approaches and decisions can be made to reduce AMR.





5. Impact of Antibiotics on the Developing Microbiota Composition


5.1. Antibiotics Use in Early Life


The use of antibiotics in pediatrics covers a wide variety of possibilities due to the different ages and diagnostic conditions that can arise, and it is one of the most widely used drug classes from birth to the end of pediatric age [76]. Their high consumption presents important geographical differences, with a clear north–south gradient in Europe, but also according to other factors, such as the type of prescriber or the responsible healthcare system [77,78]. In recent years, the publication of official guidelines on antibiotic usage improved prescription practice and exposure in the pediatric population [79]. It is important to point out, however, that the monitoring systems based on defined daily doses (DDDs) [80] were designed not for children but for adults, and that children have peculiarities of dosage by weight and need special pharmaceutical presentations (syrups and drops). For these reasons, they are a population in which the consumption of antibiotics is difficult to measure and control [77].



The use of antimicrobials in each health setting (hospital or extra-hospital) and age group (neonates, infants, and older children) depends on the most frequent causative microorganisms, and their choice will be empirical until culture results and antibiograms are available. The characteristics of the patient (age, previous pathology, and clinical situation) will be essential for the selection of the drug and administration regimen. In any case, the antibiotics used and the guidelines and duration of treatment are under continuous discussion [81].



5.1.1. Use of Antibiotics in Neonatology


Classically, neonatal infections are divided into early and late infections (Table 1), although it is currently debated whether it is better to use the terms vertical (mostly early) and nosocomial (mostly late) infections. On the other hand, the definitions of neonatal sepsis, its diagnostic methodology, and, therefore, its treatment are currently changing with the use of clinical and biochemical markers, as well as new microbiological techniques [82,83]. Early vertical infections have their origin in the mother, via the ascending route but also the transplacental route. Therefore, they are usually caused by bacteria that colonize the maternal genitourinary tract and/or by microorganisms that cross the blood–placental barrier due to a generalized maternal infection. Therefore, treatment must cover both Gram-positive (Streptococcus agalactiae, Listeria, or Enterococcus) and Gram-negative microbes (especially E. coli). For this reason, the most frequent combination is based on the use of an ampicillin-type beta-lactam and a gentamicin-type aminoglycoside [84,85].



Nosocomial infections originate in neonatal intensive care units (NICUs), where risk factors, such as immune immaturity, routes of infection (central catheters and mechanical ventilation), and long admission times and treatments (antacids, intravenous feedings, previous antibiotic therapies, and surgeries), are often present. These nosocomial infections are usually caused by Gram-positive organisms, such as Staphylococcus epidermidis or S. aureus, or by Gram-negative ones, such as E. coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, or Serratia marcescens. In order to cover both spectra, and until culture and antibiogram results are available, the combination of vancomycin or teicoplanin and a second-line aminoglycoside, the amikacin type, is the most used choice [84] (Table 1).



Neonatal infections of community origin, i.e., those developed at home, are usually of various origins: respiratory (of particular interest are Chlamydia infections, a vertical infection that would require the use of macrolides), soft tissue (omphalitis or mastitis, which require treatment with cloxacillin for S. aureus), or urinary (which would need empirical combinations, such as ampicillin plus gentamicin, to cover Enterococcus and E. coli, until culture results are available). Central nervous system infections, especially bacterial meningitis, require the use of cefotaxime, given its important passage through the blood–brain barrier and its usual coverage of the usual germs for this location [86].




5.1.2. Use of Antibiotics in Infants and Older Children


Infants from 1 month to 2 years of age, vaccinated according to the routinely recommended guidelines, usually present infections of viral origin that do not require antibiotic therapy and, in most cases, are treated in the outpatient setting without the need for hospital admission. However, unnecessary antibiotics are administered more frequently in this age group due to initial diagnostic uncertainty and family anxiety. In children older than 24 months, the use of antibiotics is more directed and, with a few exceptions, it is possible to assess the choice of the drug with greater precision and make more appropriate use of them [79].



The most commonly used antibacterial prescriptions are penicillin for tonsillitis; amoxicillin at high doses in acute otitis media and sinusitis; and amoxicillin, amoxicillin–clavulanate, or macrolides in pneumonia and other bacterial respiratory infections of the lower respiratory tract [87,88] (Table 1).



For urinary tract infections, the other large group of pediatric infections whose origin is usually bacterial (E. coli, Proteus mirabilis, and Enterococcus), amoxicillin–clavulanate or second- or third-generation cephalosporins (cefuroxime, cefotaxime, and ceftriaxone) are used, according to whether the cases are managed on an outpatient or hospital basis, respectively [89]. In the case of bone or joint infections, in which germs, such as S. aureus or Kingella kingae, usually play a leading role, the combination of cloxacillin plus cefotaxime in the hospital setting until cultures and antibiograms are obtained is usually the choice [90]. Meningeal infections and sepsis usually require the use of third-generation cephalosporins, associated or not with aminoglycosides (cefotaxime and gentamicin) until cultures are obtained [86,91] (Table 1). Other situations, such as infections in children with cancer or with significant chronic pathologies, are not addressed in this review since they do not represent common treatments.



All these different conditions and options may receive a large variety of doses and treatment regimens with the most frequently used antibiotics, both in neonates and older children, as summarized in Table 2.





5.2. Impact of Antibiotic Use on Microbiota Composition in Early Life


Disruption caused by antibiotics is especially important during the first months of life, as it increases the likelihood of the gut being colonized by potential and opportunistic pathogens and increasing the presence of ARGs [92]. For this reason, in recent years, there has been an increase in the number of studies focused on this aspect, although our knowledge is still scarce.



Before presenting the main results obtained to date, it is important to note that the effect that different antibiotics have on the bacterial populations present in the intestinal microbiota depends on several factors. These are very heterogeneous and include, as shown in the previous section, the type of antibiotic, the dose, the route of administration, and the duration of treatment. Moreover, the basal composition of the gut microbiota, which is also dependent on different factors, also determines the microbiota response to the antibiotic challenge. These are likely to explain the differences between the studies published in the literature. Most studies concluded that, following antibiotic treatment, there is a decrease in bacterial diversity in the infant gut, in particular in genera such as Bifidobacterium, Lactobacillus, and Bacteroides [93]. In addition to reduced diversity, the gut microbiota of antibiotic-treated infants is characterized by a reduced stability [94].



An analysis of the composition of the gut microbiota of newborns treated with ampicillin and gentamicin, one of the most commonly used combinations, showed that these infants had higher levels of the phylum Pseudomonadota and lower levels of Actinomycetota, in particular showing a decrease in bifidobacteria. The differences from the control group were mitigated over time, although two months after the finalization of the treatment, some differences, such as a reduced number of bifidobacterial species, were still observed [95]. In some studies, even after two years, the relative abundance of the Bifidobacterium genus was still lower than that in the control group [96]. Other authors also observed a decrease in the presence of bifidobacteria and other species belonging to the genera Escherichia and Staphylococcus, whereas the presence of the genera Klebsiella and Enterococcus increased. The impact of antibiotics on the microbiota composition seems to be mitigated over time; however, some differences are still apparent months after treatment [95,96,97]. In contrast, other authors reported no differences in microbiota composition between exposed and non-exposed infants at 1 year of age [41]. As mentioned at the beginning of this section, these differences could largely be due to the type of antibiotics/treatments used. For example, when comparing the effects of the combination of amoxicillin plus cefotaxime vs. penicillin plus gentamicin, it was observed that the latter treatment had less effect on the neonatal intestinal microbial communities [97]. It has also been shown in pre-term infants that some widely used antibiotics, such as penicillin, ampicillin, gentamicin, or vancomycin, favor the increment in enterobacteria, while decreasing the presence of bifidobacteria and members of the Bacillaceae and Lactobacillaceae families [98]. Time and treatment duration are other important aspects. During the first week of life, the prolonged I.V. administration of amoxicillin and ceftazidime to pre-term infants induced microbiota differences dependent on the exposure time. Both short and prolonged exposure reduced the levels of Bifidobacterium, but in infants subjected to the longer treatment, the levels did not recover afterwards [99]. A longer antibiotic exposure has also been associated with an increased risk of late-onset sepsis, necrotizing enterocolitis, and even death in pre-term infants [100]. In a study on infants treated with ampicillin and gentamicin, the authors found that a longer exposure increased the presence of enterobacteria, whereas a shorter treatment allowed the recovery of the initial state three weeks after treatment [101]. It has been shown that, as the time of exposure to antibiotics administered to infants in the NICU increased, the presence of anaerobic and butyrate-producing species decreased; the effect was greater in those treated with ampicillin and tobramycin [102].



Similar conclusions have also been reached by other authors who, after reviewing the literature, concluded that the microbiota of infants treated with antibiotics during the first year of life appears to recover over time. However, unlike infants not exposed to antibiotics, they have a higher proportion of multidrug-resistant strains in their gut microbiota [103]. Moreover, other than the microbiota, the effect of antibiotics on the neonatal health has been recently reviewed and subjected to meta-analysis by Doung et al. [104]. These authors concluded that direct exposure to antibiotics increases the risk of suffering from allergic diseases, psoriasis, atopic dermatitis, asthma, and neurodevelopment disorders. This points out to the need for understanding the impact of early life antibiotics in a wide sense, also including the gut microbiota. Actually, changes in the gut microbiota caused by antibiotic use have also been associated with an increased risk of necrotizing enterocolitis [92] and obesity [105]. Prolonged antibiotic exposure has also been associated with an increased likelihood of developing infections in the short term and obesity and inflammatory diseases in the long term, although one review did not observe significant differences depending on the time of antibiotic exposure [93]. The data on the potential long-term consequences of antibiotic exposure during infancy are further supported by animal studies assessing the long-term health effects of antibiotic-induced microbiota alteration in early life [106].



Overall, the differential effects on the gut microbiota composition have been observed after antibiotic treatment in early life, depending on factors such as type, doses, and duration of treatment. Some information about the short-term and long-lasting effects is available, but further longitudinal studies are required.




5.3. Impact of Antibiotics on the Developing Infant Resistome


As previously stated, the human intestinal microbiome contains ARGs since these are found in some of the microorganisms colonizing the intestine. The infant is not an exception [107], being a potential reservoir for ARGs, even for genes to which the infant has not had exposure, such as tetracyclines or chloramphenicol [44,108]. As previously stated, infants and children constitute the human population most frequently exposed to antibiotics, with almost half of the infants having received antibiotics by the age of one year [109] and penicillin being the most commonly prescribed antibiotic [78]. During the first year of life, the number of ARGs in the individual microbiota has been reported to be above 20 genes, with some of them decreasing in occurrence with time, while the incidence of others increases [110]. The most prevalent ARGs during the first months of life are associated with resistance to erythromycin, tetracycline, aminoglycosides, and beta-lactams [111]. Unfortunately, while determining the impact of early life antibiotics on the intestinal microbiota composition has been the aim of several studies, the information of their impact upon the possession of ARGs is scarcer. In a recent systematic review, Lebeaux and co-workers [3] assessed the effects of antibiotic exposure on the gut resistome of children. The authors concluded that, although the evidence available is still limited and more research is needed, antibiotic exposure is associated with changes in ARG load. Interestingly, antibiotics administration in childhood has been repeatedly reported to increase not just the levels of genes that confer resistance to the administered antibiotic, but also of other ARGs, as shown by the increased diversity of resistance genes following antibiotic administration, although different effects seem to exist among the different antibiotics used [3,44]. A study conducted recently found that the presence of different ARGs in the intestinal microbiota of children varied after antibiotic treatment, in spite of not observing significant differences in microbial communities, indicating that antibiotic-selective pressure may have effects by strain selection, beyond changes in other taxonomic levels [41].



A specific, but common, form of early exposure to antibiotics is the case of intrapartum antimicrobial prophylaxis (IAP). Pregnancy has been associated with a high incidence of invasive Streptococcus group B (GBS) disease, which is related to a higher risk of premature delivery. GBS remains the most common culture-confirmed neonatal bacterial infection and is a significant source of neonatal morbidity globally. This procedure consists of the intrapartum administration of an antibiotic, most commonly a penicillin, to the mother to prevent the transmission of GBS to the infant during delivery. IAP has reduced the incidence of early onset neonatal disease without a notable impact on the incidence of late-onset neonatal disease [112]. However, this common practice, present in more than 30% of deliveries, has been reported to disrupt the initial establishment of the gut microbiota in both pre-term and full-term babies [113,114]. Studies that have analyzed the effect of prenatal antibiotic administration have shown that the microbiota of infants whose mothers have undergone an antibiotic treatment differs from those who have not been exposed to any antibiotics. Despite the differences found at the taxonomic level between different studies, the vast majority of reports agree that IAP decreases both the diversity and abundance of members of the Bifidobacteriaceae and Bacteroidaceae families. This practice also leads to a substantial increase in Enterobacteriaceae in the neonatal gut microbiota during the first weeks of life. The changes caused by IAP at the taxonomic level are comparable to those triggered by the direct administration of antibiotics to infants [115]. IAP has also been reported to cause changes in the load of ARGs in the gut microbiota of newborns. A study comparing the presence of selected ARGs in one-month-old infants found that the prevalence of blaTEM, blaCTX-M, and aac(6′)-aph(2″) was higher in fecal samples from children whose mothers had been treated with IAP [114].



Prenatal exposure to antibiotics may also be present, although whether or not this affects the evolution of ARGs in the newborn still needs to be studied. UTIs are frequently encountered in pregnant women and are easily treated with antibiotic therapy, tailored based on organism sensitivities when available from urine culture results. Short-course antibiotics commonly used include amoxicillin, ampicillin, cephalosporins, nitrofurantoin, and trimethoprim-sulfamethoxazole [116]. These common infections during pregnancy and the usual treatment of antibiotics suggest the wide exposure of pregnant women and, therefore, of the fetus, to these antibiotics. Unfortunately, the consequences for the gut microbiome and the development of the resistome of the mother and, therefore, potentially also of the baby still have to be elucidated.



It is important to underline that some covariates frequently found in infant cohorts may also have a strong impact on the possession of ARGs. For instance, antibiotic exposure during the first year of life has been associated with increases in the mupirocin resistance gene ileS and the beta-lactamase gene cfxA6; in infants staying at home and not attending a day-care center, only ermF was enriched. In day-care-attending infants, several ARGs were affected, including mdtN, tetM, ermA, or acrB [117]. However, it is important to point out that the number of studies is still limited; different antibiotics and doses are used among studies, as well as different specific uses (therapeutic vs. prophylactic). In addition, the infant microbiome is in continuous evolution during the first years of life and, thus, changes in composition will occur along time, even in healthy and unexposed infants, making the comparison of studies intervening at different infant ages difficult. Moreover, most studies to date have focused on pre-term infants, often highly exposed to antibiotics, demonstrating the long-term effects of antibiotic treatments on the resistome [44], but detailed information is not available for full-term babies.





6. Impact of Increased Levels of ARGs on Health and Mitigation Strategies


The most threatening problem of antibiotic-resistant microorganisms in public health is that ARGs may be acquired by pathogenic strains through horizontal transfer. Several in vitro and in vivo experiments have shown the spread of ARGs between members of the gut microbiota, such as enterobacteria or enterococci bacteria [118]. Enterobacteria are a minority population in the gut microbiome of healthy adults; however, it is present in higher levels in early life and infanthood and also in adults with gut inflammatory diseases, engaging HGT [119]. In addition, the gut microbiota in infants is immature and highly dynamic, so the risk of spreading both ARGs and antibiotic-resistant pathogens could be high. The transfer of ARGs in the infant gut has already been observed. An ampicillin resistance gene between two E. coli strains via plasmid transference was detected in the gut microbiota of infants treated with antibiotics [120]. Microorganisms showing resistance to antibiotics may compromise the immune system with a loss of effect in antibiotic treatments to fight routine infectious diseases, such as nosocomial and secondary infections, but also undermine the treatment of infectious complications in patients with other diseases, such as organ transplants, cancer therapies, and the treatment of chronic diseases, including asthma or diabetes [121]. This could be more accentuated in the pediatric population. To put this threat into perspective, it was estimated that resistance will cause around 300 million premature deaths by the year 2050 [122].



Despite the strong antimicrobial-selective pressure that can be expected after antibiotic use [47,94], the infant gut microbiota and resistome can be affected by different factors, such as the vertical transmission and perinatal factors mentioned above; it can also be due to contact with a pet or the use of antibiotics in agriculture and farms, thus affecting the ARGs levels [118,123]. An increment in ARGs in commensal bacteroides in the gut microbiota of healthy people in recent years was observed, but information in infants is not yet available. On the other hand, indirect factors can also noticeably shape the infant gut resistome and can be used as a tool for controlling and reducing antibiotic-resistant microorganisms in the gut microbiota.



Diet is known to be the main gut microbiota modulator and could also, therefore, beneficially modulate the resistome. Few studies have analyzed the effect of diet on ARGs. In one of the first studies published, breastfeeding for 6 months or longer reduced the relative abundance of ARGs in the infant microbiome, correlating with the decrement in Gammaproteobacteria and conversely an increment in bifidobacteria [45]. Interestingly, a dietary intervention based on whole-grain food, traditional Chinese medicinal foods, and prebiotics entailed a decrease in the gut resistome ARG load in obese children [124]. Probiotics could also affect the ARG abundance by the modulation of the gut microbiota. Some probiotic interventions on premature infants showed a decrease in ARG load or the amelioration of the harmful effects of antibiotics on the intestinal microbiota, leading to the possession of a resistome more similar to full-term infants [125,126]. However, in adults, opposing person-specific and antibiotic-dependent effects of probiotics on ARG burden were observed, which were related to the permissiveness to probiotic colonization [127]. The analysis of fourteen clinical studies regarding the efficacy of probiotics in the eradication of the intestinal possession of multidrug-resistant organisms (MDROs) concluded no significant effect of probiotics with respect to the placebo [128]. Further studies will be necessary to understand the role of probiotics on the infant resistome. Bacteriophages are therapeutic tools with promising in vitro results targeting gut resistome [129]. In two successful clinical studies, two resistant K. pneumoniae were eradicated in adult patients after a specific bacteriophage treatment [130,131]. Fecal microbiota transplantation (FMT) for antibiotic-resistant bacteria decolonization or gut microbiota modulation is another interventional tool studied in recent years. Although this intervention is a well-known treatment for patients with Clostridium difficile-recurrent infections, the interest in their effectiveness in reducing ARG load and antimicrobial-resistant bacteria in the gut increased based on the positive results in the above class of patients [132] and in the higher likelihood of colonization and consequent reduction in the pathogens’ colonization, compared with most common probiotics. Several cohort studies and case reports were conducted and some randomized studies evaluated the capability of FMT as a treatment for MDROs, which are currently ongoing [129,133]. Among these cohort studies, only one was conducted in pediatric immunocompromised patients scheduled to undergo allogeneic hematopoietic stem cell transplantation and having a history of systemic infections with MDROs [134].



At present, a key challenge is to control worldwide AMR dissemination and different strategies are needed, in addition to the implementation of global policies and the discovery of new drugs to restore the capacities of antibiotics. A very promising approach has emerged with a focus on the gut microbiota modulation through functional foods. More research is need to select the biological tools with a specific and more customized mode of action. In vitro studies have already highlighted the capability of probiotics, prebiotics, and even bacteriophages to control the blooming of ARG-enriched taxa, such as enterobacteria. Further steps to identify the taxonomic basis for a given shift in ARG abundance and possession would be of great value.
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Figure 1. Main factors influencing the establishment and development of the resistome in the infant gut. 
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Table 1. Most common pediatric infections and initial empiric antibiotic therapy (until culture/antibiogram is received).
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NEONATAL PERIOD




	

	
Most Frequent Bacteria

	
Usual Antibiotic Treatment






	
Vertical infections

	
Streptococcus agalactiae, Listeria monocytogenes, Enterococcus faecalis, Staphylococcus aureus, Escherichia coli

	
Ampicillin IV plus Gentamicin IV




	
Nosocomial infections

	
Staphylococcus epidermidis, coagulase negative Staphylococcus, Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa, Serratia marcescens, Enterobacter spp.

	
Vancomycin IV plus

Amikacin IV




	
Vertical or Nosocomial with meningitis

	
Any of the previous

	
Cefotaxime IV plus

Gentamicin IV




	
Community infections:

	
Chlamydia trachomatis, Streptococcus pneumonia,

	
Oral azithromycin or




	
- Respiratory

	
Bordetella pertussis

	
Ampicillin IV




	
- Urinary

	
E. coli, Enterococcus faecalis

	
Ampicillin IV plus Gentamicin IV




	
- Soft tissues

	
Staphylococcus aureus

	
Cloxacillin IV




	
TODDLER–CHILD PERIOD




	
- Otitis/sinusitis

- Tonsillopharyngitis

	
Streptococcus pneumoniae

Haemophilus influenzae

Streptococcus pyogenes

	
Amoxicillin

Amoxicillin–clavulanate

Penicillin




	
- Pneumonia (typical)

- Pneumonia (atypical)

	
Streptococcus pneumoniae

Haemophilus influenzae

Mycoplasma pneumoniae

Bordetella pertussis

	
Amoxicillin

Amoxicillin clavulanic

Macrolides: azithromycin or clarithromycin




	
Urinary infections

	
E. coli, Enterococcus faecalis, Proteus

	
Amoxicillin–clavulanic, Cefixime, Cefuroxime, Cefotaxime, Ceftriaxone




	
Other infections

- Osteomuscular

- Meningitis and sepsis

	
Staphylococcus aureus, Kingella kingae

Streptococcus pneumoniae, Neisseria meningitidis,

Haemophilus influenzae

	
Cloxacillin, Cefotaxime

Cefotaxime
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Table 2. Guidelines and doses of the antibiotic therapies most frequently used in pediatrics. Doses and time depend on the gestational age and weight of neonates and the chronological age and weight of older children.
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Antibiotic

	
Doses (mg/kg)

	
Time






	
Neonate

	
Ampicillin (IV)

	
25–50

	
Every 6–8–12 h




	
Gentamicin (IV)

	
4–5

	
Every 24–48 h




	
Vancomycin (IV)

	
10–15

	
Every 8–12 h




	
Teicoplamin (IV)

	
10

	
Every 12–24 h




	
Amikacin (IV)

	
15–18

	
Every 24–48 h




	
Cefotaxime (IV)

	
50–100

	
Every 8–12 h




	
Cloxacillin (IV)

	
25–30

	
Every 6–12 h




	
Toddler–Child

	
Phenoxymethylpenicillin (oral)

	
6–12

	
Every 6–8 h




	
Benzylpenicillin (IV IM)

	
25,000–50,000 *

	
Every 6 h




	
Amoxicillin (oral)

	
15–25

	
Every 8 h




	
Amoxicilin clavulanic (oral or IV)

	
15–25 **

	
Every 8 h




	
Ampicillin (IV)

	
25–50

	
Every 6 h




	
Cloxacillin (IV or oral)

	
25

	
Every 6 h




	
Cefixime (oral)

	
4–8

	
Every 12–24 h




	
Cefuroxime (oral)

	
10

	
Every 12 h




	
Cefuroxime (IV)

	
33

	
Every 8 h




	
Cefotaxime (IV)

	
25–50

	
Every 6–8 h




	
Ceftriaxone (IM or IV)

	
50–100

	
Every 12–24 h




	
Gentamicin (IV)

	
5

	
Every 24 h




	
Azithromycin (oral)

	
10

	
Every 24 h




	
Clarithromycin (oral)

	
7.5–15

	
Every 12 h








* UI. ** Amoxicillin doses.
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